Fluoride is one of the few chemicals of natural origin that have been shown to cause significant health effects in people through drinking-water. The association between the fluoride level in drinking water and the degree of dental fluorosis has been documented worldwide. The permissible maximum health-based fluoride limit in drinking water is 1.5 mg/l. The aim of this paper is to assess human exposure to drinking water fluoride in Estonia and determine the contribution of drinking water fluoride content to the dental fluorosis risk. The paper is based on the survey of drinking water supply in Estonia drawn from the database of the National Health Protection Inspectorate and supplemented by a special study to determine the fluoride content of water in public water supplies all over Estonia. The retrospective case study to determine the risk of fluorosis was carried out. The subjects of the study were 12 years old, living in six districts of the town of Tartu with different fluoride content in drinking water. In total 368 children were investigated. Fluoride content in the drinking water of the Estonian population varied in a large scale. The permissible maximum limit was exceeded in 14.4% of water samples. High levels of fluoride are due to a natural geogenic source. The proportion of the population exposed to a high fluoride level in drinking water was small (4.2%), mainly consumers of small water supply systems in West-Estonia, where the only drinking water source is the Silurian-Ordovician aquifer system. Association between prevalence of dental fluorosis among 12-year old schoolchildren and fluoride content in drinking water was observed. The obtained data allowed the assessment of the risk of dental fluorosis for the Estonian population. Control of drinking water quality is critical in preventing fluorosis.
Introduction
Levels of chemicals in environmental media and population exposure to these levels are critical to protect public health from environmental health risks [1] . Fluoride is one of the few chemicals of natural origin that has been shown to cause significant effects in people through drinking-water. The long-term moderate-level chronic exposure to fluoride in drinking-water at or over the current WHO guideline value (1.5 mg/l) can cause incurable but potentially preventable fluorosis which affects the teeth and bones [2] . The association between fluorides in drinking water and the degree of dental fluorosis has been documented worldwide [2] [3] [4] . Dental fluorosis is characterized by staining and pitting of the teeth. In more severe cases, all the enamel may be damaged. Millions of people around the world both in developing and developed countries are exposed to excessive amounts of fluoride through drinking water contaminated from natural geological sources. As a result, many suffer conditions ranging from mild dental fluorosis to crippling skeletal fluorosis. Therefore, the control of drinking water quality is critical in preventing dental diseases.
In Estonia groundwater from several aquifers is the main drinking water source in most towns and rural settlements. Fluoride concentrations in ground water were found to vary in a large range: from 0.01 to 6.95 mg/l [5] . Since drinking water is typically the most significant source of fluoride [2] an in depth exposure assessment to fluoride is urgently called for.
On the other hand, health problems arising from different fluoride levels in drinking water have been detected in Estonia [6] . Faced with an incurable but preventable condition (fluorosis) from fluorides in drinking water, the risk of fluorosis due to high fluoride levels in drinking water is an irrefutable argument for risk assessment on fluorides in drinking water.
Materials and methods

Study area
Estonia is the smallest Baltic country with an area of 45.227 km 2 and population of 1.351 (01.01.2004) million people, situated on the East coast of the Baltic Sea and lying in North-western part of the East-European Platform. Administratively Estonia is divided into 15 counties (Figure 1 ). 82.9% of Estonian population is well provided with public water supplies, what is a very high share if we will consider that urban population makes up to 69.3% of population and rural population (30.7%) is highly scattered with average population density of 10.5 in/km 2 . There are 1233 public water supplies in the country. The prevalence of small water supplies is characteristic for Estonia. Up to 86% of supplies serve less than 500 inhabitants [5] .
Deep groundwater of several aquifers abstracted by drilled tube wells in towns and rural settlements is the main source of drinking water. Five aquifer systems are exploited depending on location (Middle-Devonian, Middle-Lower-Devonian, Silurian-Ordovician, Ordovician-Cambrian and Cambrian-Vendian). They differ from each other in distribution and chemical composition [7] . The groundwater is used directly without treatment. In two towns (capital Tallinn and Narva) surface water after treatment and disinfection is used as main source of drinking water. Location of study area.
Exposure data
The determination of fluoride content in drinking water of inhabitants of the whole of Estonia was performed in 2004. Data on access of population to water supplies and number of water consumers by supplies were obtained from Estonian Health Protection Inspectorate database on drinking water "JVESI". All water supplies serving at least 100 consumers were visited and the sites for sampling were selected. In case the supply system operated several drilled tube wells, additional samples were taken from different locations according to the influential area of the wells. Altogether 735 samples were collected in 47 towns and 471 rural settlements in all 15 counties throughout Estonia. Water samples for fluoride analyses were collected from tap water closest to the consumer. The analyses were carried out according to the Standards Methods for the Examination of Water and Wastewater by the SPADNS colorimetric method during 48 hours [8] .
The results of analyses were grouped into 3 categories according to the health effects of fluoride level in water:
1) high-fluoride content drinking water (over 1.50 mg/l) -causing adverse health effects (primarily dental fluorosis); 2) medium-fluoride content drinking water (0.51-1.50 mg/l) -having protection against dental caries with the least risk of producing dental fluorosis or other toxic effects; 3) low-fluoride content drinking water (up to 0.50 mg/l) -insufficient to prevent caries.
Case study
A special retrospective case study to determine the contribution of drinking water fluoride to the dental fluorosis risk (odds ratio -OR) was carried out among 12-year old schoolchildren who were born and living in Tartu city where the content of fluoride in drinking water varies by regions. Tartu is the second largest city in Estonia, covering an area of 39 km 2 with the population of 101 740 inhabitants. The groundwater without any treatment is used to supply drinking water. Over 100 drilled deep tube wells are connected to the public water supply network. They rely on Devonian, Silurian and Ordovician-Cambrian hydrogeological aquifers with different quality of water. The data on fluoride concentration in water were obtained from the water quality database of drilled tube wells in 1986-1997 compiled for the Tartu Agenda 21 [9] . Since the municipal drinking water distribution system combines water from several groundwater aquifers, the fluoride concentration in tap water at consumer varies depending on the district of the influence of the tube well. For the study we took care to select only districts that were supplied by definite tube wells of known fluoride concentration. In result six districts were defined purposively for the study (Figure 2 ). These districts are of approximately the same ecoenvironmental and ethnic conditions as well as socioeconomic standards.
The sampling population was a part of the over-Estonian survey of dental health of schoolchildren conducted in 1999-2000 according to the uniformed methodology of World Health Organisation [10] . The 12-year old children served as a target group. Consent from the children, as well as from local authorities was obtained prior to examination. The children were asked about the duration of their residence at the present address. Schoolchildren were localized according to their current home address and their correspondence to drinking water districts was determined. Only those schoolchildren who had reported continuous residence since birth in corresponding districts were included in the study. As a result the total sample size was 368 children.
Clinical intra-oral examination was conducted at the schools by a trained examiner with an assistant recording the observations. Dental fluorosis was assessed on vestibular, occlusal and lingual surfaces. The white flecks, fine white and brown lines in the enamel were registered as a mild degree of fluorosis. Very chalky, opaque enamel, mottling and loss of portions of the outer enamel were diagnosed as severe fluorosis.
Data was digitized using Excel programme and a Statistical Package for Social Science (SPSS 10.0 for Windows). The prevalence of dental fluorosis was calculated as frequency of occurrence among study population (%). The risk of dental fluorosis was expressed as the odds ratio of disease (OR).
Results
Exposure of population to fluorides through drinking water
Fluoride content in drinking water in Estonia varied on a large scale: 0.01-6.95 mg/l with a mean of 0.88 ±0.90 mg/l. In 306 (41.6%) samples the fluoride content was low (<0.5 mg/l). Medium concentrations (0.5-1.5 mg/l) were measured in 323 (44.0%) samples. The Estonian national limit -1.5 mg/l -was exceeded in 106 (14.4%) samples. Fluoride content in drinking water varied greatly both between and within counties ( Table 1 ).
Figure 2:
Location of Tartu districts covered by retrospective case study.
The exposure analysis revealed that only 38.1% of study population (400 040 inhabitants) was consuming water with medium fluoride concentration, lowfluoride water was consumed by 57.8% (607 544 in) and high-fluoride water by 4.1% (42 571 in) of the study population. The situation differed to a large extent in different towns and counties. The population of Tallinn (396 000 in) and Narva (68 000 in) used mainly surface water with naturally very low fluoride content. The second largest city Tartu (101 000 in) was provided mainly with medium-fluoride water. While most of the population (over 60%) in Harju, Pärnu, Saare, Hiiu, Viljandi and Lääne counties was exposed to medium-fluoride water, the whole population in Võru county (100%) was exposed to low-fluoride water. Over half of population was consuming low-fluoride water also in Valga, Järva and Põlva counties. Most of people consuming high-fluoride water were living in Pärnu county, followed by people in Rapla, Tartu, Järva and Lääne counties. The main risk from consuming high-fluoride water is dental fluorosis, but also other toxic effects of fluorides are of serious concern [2, 11] . 
Dental fluorosis risk
The dental fluorosis risk (odds ratio -OR) was studied among 12-year-old schoolchildren who were born and living in Tartu city where content of fluoride in drinking water varies in a large scale by districts depending on the water source (groundwater aquifer) from which the supply system feeds on. Table 2 represents the mean value, standard deviation and range of fluoride content in drinking water sources (tube wells) by the study districts in 1986-1997. It is the period when the study population was born and grown up.
The distribution of study subjects according to residence in six districts and prevalence of dental fluorosis is shown in the same Table 2 .
The number of children was different by districts. Boys and girls were equally represented in the total sample (47% and 53%, respectively). The prevalence of dental fluorosis among Tartu schoolchildren was 30.2%, being 26.3% among boys and 33.7% among girls. The difference between boys and girls was not statistically significant. In most cases (89%) the mild degree of fluorosis was diagnosed. Only twelve children (3 boys and 9 girls) had severe fluorosis. They lived in the high-fluoride districts.
Results obtained by districts showed that the percent of children with dental fluorosis increased with the increase of fluoride content in the drinking water source (Table 2) . Strong association between water fluoride level and prevalence of fluorosis allowed the calculation of the odds ratio (OR) of dental fluorosis in relation to district of residence and the fluoride content in the drinking water ( Table 3) .
The risk of dental fluorosis was over 6 times higher among children of Annelinn district (IV) where the average fluoride content exceeded the permissible level as compared to Staadioni district (I). In districts V and VI the risk was even higher. Currently, the wells producing high-fluoride water are excluded from the public water supply system. In districts II and III where the fluoride content in water was below the limit, there was no significant risk of dental fluorosis as compared to district I where the fluoride content in water was the lowest. 
Discussion
The research approach and sampling scheme of this study was designed to evaluate Estonian population exposure to fluoride from drinking water and assess the contribution of drinking water fluoride to dental fluorosis. This study cannot comment on overall exposure to fluoride, although drinking water is usually the largest contributor to fluoride intake [2, 12] .
The study covered all 15 counties in Estonia embracing 93.7% of population having access to public water supplies. The overall access to public water supplies was 82.9%, but the variation between cities and rural settlements is large [5] . The prevalence of a large number of small water supplies complicates the improvement of water quality.
Groundwater is the most important source of drinking water. Only few studies on occurrence and distribution of fluoride in groundwater have been carried out in Estonia [13] [14] [15] . Quite often the tap water originates from different sources and is mixed in water supply systems. Our data from the analysis of drinking water samples collected throughout Estonia provide the necessary information for assessment of human exposure to fluoride.
Based on current study, the great majority (about 96%) of Estonian population was drinking water with fluoride below 1.5 mg/l. Over half (57.8%) of population was exposed to water containing very low fluoride levels (up to 0.5 mg/l). Only 4.1% of the population was exposed to high-fluoride content (over 1.5 mg/l) drinking water. Nearly 4 000 people was exposed to very high fluoride levels (over 4.0 mg/l). They lived mainly in West Estonia (Lääne, Rapla and Pärnu counties), where the only drinking water source is Silurian-Ordovician aquifer system. The high levels of fluoride are due to geogenic sources [13] . Elevated fluoride concentrations were also found in some water supplies of central Estonia (Tartu, Viljandi and Järva counties). This is the area where hydraulically connected Devonian and Silurian strata form the Devonian-Silurian aquifer system. The content of fluoride is related with the depth of the wells [13] .
The prevalence of dental fluorosis among schoolchildren was studied in Tartu where the fluoride content in drinking water varied between districts significantly. Other conditions (climate, quality of outdoor air, living conditions, dietary habits and oral hygiene) were considered to be distributed evenly inside the city. This study assumed that the fluoride exposure of each child in the district corresponded to the average fluoride level in drinking water of that district. Because of the lack of resources it was not possible to determine the individual exposure of subjects via drinking water.
The present results and those of previous studies [6] strengthen the notion that there is a systematic and positive relationship between the fluoride content in drinking water and the prevalence of dental fluorosis. It has been determined that fluoride concentration in excess of 1.6 mg/l and over exposes residents to high fluorosis risk quantified as odds ratio.
Conclusions
This study provides an overview of the fluoride content in drinking water and the extent of human exposure to different levels of fluoride through drinking water for the whole of Estonia. As drinking water is usually the main source of fluoride intake, the levels of fluoride in tap water is very important in determining total fluoride exposure.
Human exposure analysis revealed that majority of people (about 96%) consumed water with a fluoride content below the maximum permitted level (1.5 mg/l). Very small portion of population (4.1%) was exposed to high-fluoride drinking water. Very high naturally occurring fluoride concentrations (up to 7 mg/l) were common in West Estonia where the main drinking water source is the Silurian-Ordovician aquifer system.
A systematic and positive relationship between the prevalence of dental fluorosis and the exposure to fluoride through drinking water was determined. The fluoride in excess of 1.6 mg/l in drinking water increased the dental fluorosis risk over 6 times. The information of population about the levels of fluoride in drinking water is an important key element in health risk prevention.
The results of the current study as well as other available data from water quality should be taken into account when developing strategies for safe drinking water supplies.
